The electrical conductivity, resonance frequency and piezoelectric strain constants are determined for ordered piezoelectric Ca3TaGa3Si2O14 (CTGS) single crystals from room temperature to 900
Introduction
High temperature piezoelectric sensors suited for harsh environments are currently in high demand for a wide range of industrial applications including gas sensing or mass detection in nanogram scale. Many of the intensively investigated materials have however restrictions for high-temperature application. Thus, the maximum operating temperature for most commonly used materials such as quartz (SiO 2 ) and non-stoichiometric lithium niobate (LiNbO 3 ) is determined by the phase transformation at 573
• C [1, 2] and decomposition at about 300
• C [3, 4] respectively.
Langasite family crystals attract signicant attention for high-temperature piezoelectric sensing applications, have no phase transformation up to their melting point (13001500 • C) [5] and exhibit good piezoelectric properties [69] . Their crystal structure has four dierent cation sites and can be described by the general formula A 3 BC 3 D 2 O 14 . In langasite (La 3 Ga 5 SiO 14 , LGS) Ga 3+ ions fully occupy both B and C sites, and half of the D sites in a random way, which leads to the structural disorder and increased losses [10] . Ca 3 TaGa 3 Si 2 O 14 (CTGS) exhibits a fully ordered structure, resulting in lower conductivity and loss, compared to those of LGS [6, 11] . However, the CTGS material properties at elevated temperatures have not been completely studied up to now. In particular, its piezoelectric constants are determined mainly at room temperature and the published values exhibit a large divergence among the publications [1215] . Further, the sta-* corresponding author; e-mail: yuriy.suhak@tu-clausthal.de bility of the fundamental properties of CTGS at elevated temperatures over long periods of time is not examined, although those investigations are crucial in respect of CTGS sensor applications.
This work focuses on the determination of piezoelectric constants of CTGS from ambient temperature to 900
• C, using the resonant method according to [16, 17] and the ultrasonic pulse-echo method. Additionally, the piezoelectric constant d 11 is determined by the laser Doppler vibrometry (LDV) technique. The application of three independent methods to determine the same constants is used here for validating the results.
Further, the fundamental properties of CTGS resonators such as electrical conductivity and resonance frequency are examined as a function of temperature and time. Changes in properties at elevated temperatures over long time periods are of particular interest.
Methods
CTGS crystals belong to the symmetry class 32 and therefore have two independent piezoelectric strain constants d 11 and d 14 [18] . These constants are determined by the resonant method according to [16, 17] and by the pulse echo method in a temperature range from room temperature to 900
• C and to 800
• C, respectively. Additionally, the piezoelectric constant d 11 is measured from room temperature to 900
• C by the LDV method. Further, the electrical conductivity and the resonant frequency as a function of temperature and time are analyzed by impedance measurements.
Resonant method
The resonant technique refers to the IEEE dynamic methods and is suited for the material constants determination in low loss crystals [16] . Two (XY t)+α rods are (1069) operated in the length-extensional mode. Their electrical impedance is acquired in the vicinity of the resonant frequency by a high speed impedance analyzer (Agilent E5100A). From these data the resonance and antiresonance frequencies are extracted. This procedure is described in more detail in [19] . The orientation notation used here follows the IEEE Standard on Piezoelectricity [16] .
The piezoelectric strain constants d 11 and d 14 can be determined, using the following equations:
where k 12 is the electromechanical coupling coecient, ε 11 is the dielectric permittivity, S 11 is the elastic compliance, f R and f A are the corresponding resonance and antiresonance frequencies of the rods, respectively, ρ is the CTGS density and l is the length of the (XY t) + α rod.
As mentioned above, the method can be applied only for low loss materials and is based on the approximation that the resonance frequency f R and the series resonance frequency f S as well as the antiresonance frequency f A and the parallel resonance frequency f P are equal, respectively [16] . Our measurements show that the relative dierences (f S − f R )/f S and (f A − f P )/f A for a CTGS resonator at 900
• C are only 10 ppm and 1000 ppm, respectively, which justies the usage of the resonant methods for determination of the piezoelectric constants.
Pulse-echo method
Measurements of the bulk acoustic wave velocities propagating along certain crystallographic directions are carried out by a RITEC Advanced Ultrasonic Measurement System RAM-5000. Using phase detectors, the system allows measurements of pulse propagation time with an accuracy of about 10 −4 . To generate longitudinal and shear ultrasonic waves, Y + 36
• -and X-cut LiNbO 3 transducers are used, which are operated far o the samples resonance frequency. Piezoelectric constants are derived using a system of relations between sound velocities measured at characteristic directions for dierent acoustic modes (see e.g. [20] ). A more detailed description of the pulse-echo method can be found in a previous publication [21] .
Laser Doppler vibrometry method
The piezoelectric strain constant d 11 of the X-cut CTGS sample is also determined by the laser Doppler vibrometer (Polytec OFV-505), which enables to detect displacements in the sub-nanometer range at frequencies from about 1 Hz to 10 MHz. The sample is excited at a frequency of 60 Hz, which is far below its resonance frequency. The external voltage U applied to the CTGS sample is 200 V. The piezoelectric constant d 11 is than calculated, using the following equation:
where ∆x is the displacement of the sample surface. The measurement procedure is described in more detail in [22] .
Impedance spectroscopy
The determination of the electrical conductivity is performed by ac impedance spectroscopy in the frequency range from 1 Hz to 1 MHz using an impedance/gain-phase analyzer (Solartron 1260). An electrical equivalent-circuit model consisting of a constant phase element connected in parallel with the bulk resistance R B is tted to the experimental data. The bulk conductivity σ is then calculated through the relation
where t and A are the thickness of the sample and the electrode area, respectively. The resonant properties are characterized with a highspeed network analyzer (Agilent E5100A). Thereby, the electrical impedance is examined in the vicinity of the resonance frequency and subsequently transformed into admittance Y = Z −1 . Fitting a Lorentz function to the resonant peaks of the real part of the admittance is done to extract the resonance frequency. This procedure is described in more detail in [19] .
Samples and experimental details
The high-temperature measurements are carried out in air at atmospheric pressure. The samples are heated at a rate of 1 K/min starting at room temperature. The maximum temperature is dened individually for each type of sample and experiment. The long-term measurements are performed at 1000
• C. The mass density ρ of CTGS used here is determined by the Archimedes method and equals 4620 kg/m 3 [13] . The measurements according to the resonant method are performed on two rods with the orientation of (XY t) + 0
• and (XY t) − 47
• and dimensions of 2 × 0.5 × 10 mm 3 . The samples are prepared from the Czochralskigrown CTGS crystal, provided by the Institute for Crystal Growth (IKZ), Berlin, Germany. The orientation accuracy is within 0.5
• . The samples are coated with about 300 nm thick platinum electrodes by pulsed laser deposition (PLD).
The LDV measurements are carried out on an X-cut sample with the dimensions of 10 × 10 × 0.5 mm 3 , manufactured from the same crystal. The platinum electrodes are prepared by the PLD technique, too. The sample is then mounted in an alumina sample holder and placed in a tube furnace which allows heating up to 1400
The LDV is placed in front of a tube furnace. The minimum achieved resolution of the displacement is at least 100 pm. The position of the laser spot on the sample surface is controlled by a specially equipped camera.
The pulse-echo measurements are performed on the Czochralski grown crystals, provided by FomosMaterials, Moscow, Russia. For this purpose crystal cubes of 7 × 7 × 7 mm 3 are prepared in two dierent orientations: (i) with the edges parallel to the main crystallographic axes X, Y, Z, and (ii) rotated by ±45
• around the X axis. Orientation accuracy is within 0.1
• . For the impedance spectroscopy Y -cut plates with 10 mm diameter and 0.3 mm thickness are manufactured from the Czochralski-grown CTGS crystals, provided by IKZ, FOMOS-Materials and SICCAS, Shanghai, China.
For these samples, about 3 µm thick keyhole-shaped platinum electrodes are deposited by screen printing (print ink: Ferro Corporation, No. 6412 0410). The resonators are preannealed at 1000
• C for about 30 min. 4 . Results and discussion
Piezoelectric constants
The temperature-dependent piezoelectric strain constants of CTGS single crystals, determined by the methods, described in Sects. 2.12.3, are shown in Fig. 1 . As it can be seen from Fig. 1 , the temperature dependence of the constant d 11 is similar within the entire temperature range of investigation, except for some decrease observed at 400
• C for the LDV measurements. The latter value, however, lies within the uncertainty of the measurement of this method, which is 10% according to our calculations. The absolute values of d 11 , determined by the resonant and the pulse-echo methods are also showing slight dierences, which are smaller than 5%. These results are in a good agreement with the calculated uncertainty for d 11 , which is below 6% for the resonant method. The temperature dependence of the piezoelectric strain constant d 14 , which is also presented in Fig. 1, shows The temperature-dependent electrical conductivities of the CTGS samples from dierent manufacturers are shown as the Arrhenius plot in Fig. 2 . As it can be seen from the gure, they exhibit dierent values in the measured temperature range. Thus, the electrical conductivity of the sample, manufactured from IKZ crystal is lower by one order of magnitude as compared to SICCAS sample. Therefore the conduction-related loss is expected to be signicantly lower in IKZ resonators. The data for the FOMOS sample are linear in this presentation below 500
• C. After a transition temperature range of 500570
• C, observed conductivity increase is linear again, however the slope changes (see mark in Fig. 2) . It means that the conductivity is governed by a dierent process, than that at lower temperatures. It should be noted that a similar behaviour was observed previously for LGS crystals [23, 24] . It is shown in [23] , that at temperatures below 700
• C electronic conduction governs the conductivity in LGS, while at higher temperatures ionic conduction dominates. The data for the IKZ and SICCAS samples are linear in the Arrhenius presentation within all the measured temperature range.
The obtained results enable the determination of the activation energy E A , using the relation
where σ 0 , k B , and T are a pre-exponential coecient, the Boltzmann constant and the temperature, respectively.
Activation energies obtained by tting the data to (7) and the temperature ranges for tting are summarized in Table I . • C only, however it is most likely that the resonant peaks could be observed with further increase of the temperature, too. As follows from Fig. 3 the resonance frequency of all samples decreases approximately linearly with temperature over the entire measured range, which is of practical importance for e.g. sensing applications. After this rst period of time the conductivity of all specimens remains nearly constant within the next 1500 h of thermal treatment. In the period of 20005000 h, the measured electrical conductivity of the samples decreases by about 20%. This decrease is potentially caused by electrode degradation. However, this hypothesis also requires further investigation. It should be noted that the similar conductivity decrease for about 15% was observed previously for LGS sample after 5000 h of thermal treatment under the same conditions [11] . • C, relative to that at the initial point of measurements at 1000
• C (f 0 ). As can be seen from Fig. 5 , a frequency shift is observed for the IKZ resonator during the rst 500 h of investigation. The shift occurs in the same time span as the time-dependent conductivity changes (see Fig. 4 ). Here, a correlation must be investigated in concert with the explanation of the conductivity change. After this period of time the resonance frequency steadily decreases, reaching a relative shift of 0.2% at 5000 h, comparing to that of f 0 . The behaviour of SICCAS resonator is similar, however its resonance frequency changes in the ppm range, reaching the value of only 0.05% at 5000 h, in comparison to f 0 .
Conclusions
The piezoelectric constants are determined for CTGS single crystals in a temperature range from room temperature to 900
• C. Further, the fundamental properties of CTGS resonators such as electrical conductivity and resonance frequency are examined as a function of temperature and time. It is shown that the piezoelectric strain constant d 11 exhibits the same temperature dependence for resonant, pulse-echo, and LDV measurements, the absolute values of the constant however somewhat dier. Observed divergences lie within the measurement error.
Measurements of the temperature dependent electrical conductivity show that values for IKZ CTGS samples are almost one order of magnitude smaller than those of SICCAS. The long-term behaviour of CTGS shows that its conductivity exhibits essential drift during the initial stage of the experiment. After this period of time these properties remain nearly stable for next 1500 h; some conductivity decrease is observed in the period of 2000 5000 h.
The fundamental resonance frequency decreases almost linearly with the temperature for all investigated samples. It was found that the resonance frequency of SICCAS resonator is changed by about 500 ppm during 5000 h of thermal treatment at 1000
• C.
